Press-fit acetabular shells used for hip replacement rely upon an interference fit with the bone to provide initial stability. This process may result in deformation of the shell. This study aimed to model shell deformation as a process of shell stiffness and bone strength. A cohort of 32 shells with two different wall thicknesses (3 and 4 mm) and 10 different shell sizes (44-to 62-mm outer diameter) were implanted into eight cadavers. Shell deformation was then measured in the cadavers using a previously validated ATOS Triple Scan III optical system. The shell-bone interface was then considered as a spring system according to Hooke's law and from this the force exerted on the shell by the bone was calculated using a combined stiffness consisting of the measured shell stiffness and a calculated bone stiffness. The median radial stiffness for the 3-mm wall thickness was 4192 N/mm (range, 2920-6257 N/mm), while for the 4-mm wall thickness the median was 9633 N/mm (range, 6875-14,341 N/mm). The median deformation was 48 mm (range, 3-187 mm), while the median force was 256 N (range, 26-916 N). No statistically significant correlation was found between shell stiffness and deformation. Deformation was also found to be not fully symmetric (centres 180°apart), with a median angle discrepancy of 11.5°between the two maximum positive points of deformation. Further work is still required to understand how the bone influences acetabular shell deformation.
Introduction
Press-fit shells have increased in popularity over the past decade. 1 However, it has been reported that deformation of the acetabular shell may disrupt the assembly process of modular shells. Additionally, acetabular shell deformation has been linked to several individual variables such as diameter 2 and wall thickness. [2] [3] [4] The authors have previously performed several studies examining acetabular shell deformation in cadavers. [5] [6] [7] In these experiments, the ATOS Triple Scan III (ATOS) optical measurement system was trialled, validated and then utilised. A validation study determined that the maximum error of the ATOS was 5 mm compared to a coordinate measuring machine (CMM) for measuring deformation at the shell rim. 6 The aim of this study was to examine how shell stiffness and bone strength influence the size of the deformation in a cadaveric model. The hypothesis was that higher shell stiffness values would result in lower deformation values as the shell would have greater resistance to loading. In addition, the asymmetry of the deformation was investigated, to determine if the two maximum points of deformation were 180°opposite to one another and if they were of the same magnitude. The hypothesis was that there would be some angular discrepancy and that the forces would not be the same size due to the structure of the acetabulum. 
Methods
A cohort of shells were implanted into cadavers and the deformation measured. From these data, the force exerted by the bone on the shell was then calculated by approximating the system using Hooke's law.
Acetabular shells
For these experiments, custom-made titanium alloy (TiAl 6 V 4 ) shells of a generic design were used. A hole was threaded into the pole of the shell to enable insertion into cadavers via an impactor. Shell sizes between 44 and 64 mm were available in increments of 2 mm, with two different uniform wall thicknesses of 3 and 4 mm. The amount of under-reaming was altered for each shell between 0 and 1 mm.
Shell stiffness
In vitro displacement measurements were performed to determine the radial stiffness of the shell. A uniaxial/ two-point loading frame was used to compress the shells. This loading frame design has been described elsewhere 8 and was previously utilised in validation tests performed by the authors. 6 Three different shell sizes (44-, 54-and 64-mm outer diameter) and two wall thicknesses (3 and 4 mm) were used for the verification. The load applied by the frame ranged between 0 and 2000 N (0, 100, 200, 300, 500, 1000, 1500 and 2000 N).
The change in diameter was measured using a Mahr Vision MS 662 CMM (Mahr GmbH, Go¨ttingen, Germany) on a plane 1.5 mm below the rim of the shell. The manufacturer claims that the CMM has a maximum permissible error of 3.2 + length/150 mm, in line with ISO 10360-2. 9 Radial deformation (displacement) was processed as a function of loading, and a linear best fit was applied to determine the radial stiffness of the tested shells. The radial stiffness was determined for all other shell sizes within that particular wall thickness group by applying a polynomial fit second grade to the results.
Cadaver lab measurements
A cohort of 32 shells were implanted into eight cadavers, the details of which have been published previously, 7 and are summarised in Table 1 . Multiple shells were implanted into each acetabulum where the surgeon deemed it suitable. In these instances, the surgeon would remove the previous acetabular shell and rereamed by at least 1 mm to accommodate the next shell size up.
Deformation was then measured using the ATOS system as described previously. 5 To summarise the method, each shell was measured pre-and postimplantation and the scans compared to determine the magnitude of the deformation at a plane 1.5 mm below the rim. The data evaluation method slightly differed to that utilised previously, 5 where the difference in the maximum inscribed circle was compared.
For the current experiments, the difference between each data point was utilised. Markers were placed around the rim of the shell to orientate the scans. To improve the ATOS ability to measure reflective surfaces, a thin titanium oxide (TiO 2 ) coating approximately 1-2 mm thick was applied to the internal surfaces of the shells.
The pre-and post-implantation scans were placed on top of each other, and displacement was calculated for each individual scanning point. Horizontally, the shells' rims were matched with by performing a local best fit of the screw holes located at the pole of the shell. Vertical adjustment was performed by matching the planes fitted on top of the shell's rim. The rotational orientation was matched by aligning the selfadhesive marker points attached to the rim.
Deformation of acetabular shells has previously been shown to be asymmetric. 3, 10 In order to examine this and how the size of the deformation changes at different points within the shell, the deformation data were processed as follows. First, the displacement data of the section 1.5 mm below the rim were normalised to 360°(see Figure 4 ). Then, the two maximum peaks were determined excluding artefact data caused by softtissue particles. The mean values calculated from the displacement data, 61°either side of the two maximum peaks, were used as maximum peak values. The peak with the higher displacement was further processed as the radial deformation value. The ratio of the two maximum peaks and the angle between them were determined for each deformation scan to investigate the load distribution and load direction mainly causing acetabular shell deformation.
For this study, positive deformation relates to a decrease in diameter, that is, deformation towards the centre of the shell. The larger of the two peaks was then used as the maximum radial deformation value. The radial force (F) acting on the shell was then calculated from this maximum radial deformation (U r ) and the radial shell stiffness (C r ) using the equation of a spring F = C r U r 72  170  43  2  Male  70  168  73  3  Male  80  193  80  4  Female  82  152  32  5  Male  58  175  113  6  Male  85  163  84  7  Female  59  163  68  8 Male 87 178 86
This force was hypothesised to equally act on the bone.
Results

Cadaver lab measurements
One shell was excluded from the analysis as the acetabulum had fractured. Therefore, 32 shells were included in the analysis. Seventeen of the shells had a 3-mm wall thickness and 15 shells had a 4-mm wall thickness. In all cases, the surgeon was able to obtain a secure primary fixation suitable for live hip surgery. The median measured radial deformation was 48 mm (range, 3-187 mm) for all shells ( Table 2 ). The median forces (calculated using equation (1)) were 246 N (range, 29-784 N) for the 3-mm wall thickness and 299 N (range, 37-917 N) for the 4-mm wall thickness, respectively. The median radial shell stiffness was 4192 N/mm (range, 2920-6257 N/mm) for the 3-mm shell and 9633 N/mm (range, 6876-14,341 N/mm) for the 4-mm shell.
A strong correlation was found between the maximum radial deformation and the maximum radial force. However, as shown in Figure 1 , there are two distinct linear relationships corresponding to the wall thickness. No statistically significant relationship was found between the maximum radial deformation and the radial shell stiffness ( Figure 2 ) as well as the force, respectively. The mean angle between the maximum deformation peaks was 168.5°6 13.7° (Figures 3-5 ), while the ratio of the peaks was 0.75 (range, 0.00-0.95) (Figures 6).
Discussion
The hypothesis was that the shells with higher stiffness values would have greater resistance to loading and thus have lower deformation values; however, this was not proven as no statistically significant correlation was determined between shell stiffness and deformation.
The results also indicated that the deformation is not fully asymmetric (peaks 180°opposed), but instead there is a median angle discrepancy of 11.5°between the two maximum positive points of deformation. In addition, these maximum points were not equal in size, with the secondary maximum positive peak a median 75% the size of the primary maximum peak. As the angle between the ischium and ilium is not exactly 180°, this is not unexpected. Numerous studies have previously utilised two-point loading to approximate the deformation of acetabular components. 3, 6, 8, 11, 12 Given the relatively small size of the angle discrepancy, the authors suggest that two-point loading remains a suitable approximation for simulating acetabular deformation. Bone et al. 7 have previously published data on the same cohort of cadavers, where deformation was compared to mechanical properties of the bone. The results showed no correlation between peak modulus and yield stress and the size of the deformation. For the study, the authors utilised bone from the femoral head as a surrogate for the acetabulum, potentially explaining the lack of correlation. In this study, bone stiffness and the force exerted by the bone were calculated assuming Hooke's law, with results compared to the size of the deformation.
There were several limitations to the study. The first was that force exerted on the shell by the bone was not directly measured, but was instead calculated based on the size of the deformation and the shell stiffness using Hooke's law. From that, a combined stiffness was calculated which included a linear-elastic spring model for the bone. Second, only six samples were utilised for the shell stiffness measurements with the rest of the values determined using a polynomial function. However, these results had a strong correlation with the calculated values for both the 3-and 4-mm wall thicknesses (R 2 = 1 and R 2 = 0.9996, respectively). The high correlation between the calculated and measured values indicated that this was a suitable method.
During the cadaver experiments, the surgeon would insert multiple acetabular shells if the bone stock was of suitable quality. There is a risk of fracturing the acetabulum performing such repeated implantations. Only one acetabulum was found to have fractured. To avoid bias, the deformation result was excluded from the analysis.
Radial shell deformation values were calculated to enable a comparison between the individual peaks of deformation to determine whether they were the same size. The range of measured radial deformations is comparable to previous studies such as Jin et al. 3 To conclude, the results indicate that the size of the deformation did not correlate to shell stiffness in a statistically significant manner. However, as deformation is multifactorial, further work is still required to understand the interplay of variables and how they influence acetabular shell deformation. Such testing should focus on further improving the determination of the material behaviour of the bone together with a theoretically more detailed approach to calculate the resulting forces and the combined stiffness. 
